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ABSTRACT
LIVING IN A GRADIENT: THE INFLUENCE OF WATER
TEMPERATURE VARIATION ON DEVELOPMENT, SETTLING TIME
AND SURVIVAL OF PALLID STURGEON LARVAE IN THE
MISSOURI RIVER
Maria Erceg
2022
Pallid Sturgeon (Scaphirhynchus albus) are a federally endangered species experiencing
widespread reproduction and recruitment failures. Recruitment failure is hypothesized to
be caused by habitat modifications made to the Missouri River that disrupt connectivity
and alter temperature profiles downstream of constructed dams. Hypolimnetic releases
from Missouri River dams affect the temperature downstream, creating colder conditions
during the downstream drifting phase for dispersing larvae. Understanding the influence
of water temperature changes on larval development is crucial for recovery efforts. In this
study, we evaluated the effects of water temperature daily heating rate on energy use,
settling behavior, and growth rate of endogenously feeding Pallid Sturgeon larvae. Test
conditions for the experiment spanned a range of heating rates that may occur as water
warms longitudinally. Settling rate of larvae was inversely related to heating rate and
ranged from 8.25 days post hatch (dph) at 0.4°C day-1 to 5.5 dph at 1.5°C day-1. The
difference in drift time at 0.4°C versus 1.5°C day -1 (e.g., 2.75 days) would extend the
drift distance by approximately 150 km based on average river velocity. These data were
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used to develop a predictive model for estimating settling time and drift distance of
sturgeon larvae based on temperature and velocity conditions in the Missouri and
Yellowstone rivers. Applying the model at two simulated water velocities (0.3 m s -1 and
0.6 m s-1) in the Missouri River predicts that Pallid Sturgeon larvae would drift 163 - 310
kilometers, and have sufficient drift distance between Fort Peck Dam and the headwaters
of Lake Sakakawea. When the model was applied to conditions in the Yellowstone River
with a simulated velocity of 1.8 m s-1, the predicted drift distance exceeded the length of
available drifting habitat resulting in Pallid Sturgeon larvae drifting beyond the
Yellowstone River and into the Missouri River above Lake Sakakawea. However,
tributaries to the Yellowstone River including the Powder River remain uninvestigated as
more potential spawning locations that are now accessible to Pallid Sturgeon. These
findings will help inform proposed surface-water releases at Fort Peck Dam to improve
larval survival in the Upper Missouri River as well as provide insight into potential
Pallid Sturgeon spawning in the newly-accessible Yellowstone River.
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Chapter 1: Introduction
Current Status/Research Needs
Pallid Sturgeon Scaphirhynchus albus are native to riverine habitats within the
Missouri and lower Mississippi River basins (Keenlyne, 1989). Pallid Sturgeon are a
long-lived, large-bodied fish featuring a flattened, shovel-shaped snout with four barbels,
a completely armored caudal peduncle, and a ventrally positioned, toothless, and
protrusible mouth (Jordan et al., 2019). These physical characteristics have evolved and
specialized Pallid Sturgeon for riverine life, along with a reproductive strategy that relies
upon river connectivity (Braaten et al, 2008). River connectivity, however, has been
threatened by anthropogenic habitat alterations (Hesse, 1987) including the construction
of six impoundments and river channelization (Schneiders, 1996). These modifications
resulted in reduced connectivity, hydrologic variation, thermal refugia, and critical
habitat (Jacobson and Galat, 2006; DeLonay et al., 2009; Erwin et al., 2018). Declines in
Pallid Sturgeon populations following changes to the natural river environment resulted
in Pallid Sturgeon being listed as federally endangered under the Endangered Species Act
in 1990 (U.S. Fish and Wildlife Service 1990, 55 FR 36641-36647).
The U.S. Fish and Wildlife Service (USFWS) outlines the primary strategy for
recovery of Pallid Sturgeon as 1) conserving the range of genetic and morphological
diversity of the species across its historical range; 2) fully quantifying population
demographics and status within each management unit; 3) improving population size and
viability within each management unit; 4) reducing threats having the greatest impact on
the species within each management unit; and, 5) using artificial propagation to prevent
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local extirpation within management units where recruitment failure is occurring (US
Fish and Wildlife Service, 2014). There have been recovery efforts associated with the
endangered status of Pallid Sturgeon, most of which focus on habitat restoration (Dryer
and Sandvol 1993) and stocking (Jordan et al., 2006). The USFWS mandated the U.S.
Army Corps of Engineers (USACE) to restore 20,000 acres of shallow water habitat
(U.S. Fish and Wildlife Service, 2003), defining shallow water habitat as <1.5 m deep
with mean water velocities <60 cm s-1 (Gosch et al., 2013). The USACE has been
restoring this habitat by constructing off-channel habitats and/or modifying/removing
existing control structures, but more information is needed to understand if these
constructed shallow water areas can provide adequate habitat for population recovery
(Steffensen et al., 2010; DeLonay et al., 2016). Other habitat restoration/manipulation
actions include proposing test surface-releases at Fort Peck Dam to mitigate the lowered
water temperature below the dam (U.S. Army Corps of Engineers, 2021) and the
installation of a fish passage at Intake Dam to reestablish connectivity with the
Yellowstone River (U.S. Bureau of Reclamation, 2021). Stocking of juveniles has been a
widely used recovery technique to supplement populations with both numbers and
genetic diversity (DeLonay et al., 2016). However, Pallid Sturgeon mature late (15-20
years for females, Keenlyne and Jenkins, 1993), so it is unknown if these stocked
individuals will successfully spawn and if their offspring will survive and recruit to the
adult population. Preliminary research has shown hatchery-origin fish to have retained
similar reproductive characteristics from the wild broodstock (Holmquist et al., 2019),
which is important to evaluate the efficacy of the Pallid Sturgeon conservation
propagation program.
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Anthropogenic modifications to streams and rivers have contributed to habitat
fragmentation as well as water depletion (Perkin et al., 2015). Sturgeons (family
Acipenseridae, four genera, 25 spp.) are one of the most threatened groups of vertebrates
in the world due to habitat alterations (Houde, 2002), as well as commercial harvest
(Bettoli et al., 2009), slow growth, and late maturation (Elvira, 2006). Factors influencing
sturgeon survival during early life stages are not well documented, but survival during the
larval phase is critically important for population recovery as it directly relates to yearclass strength and subsequent recruitment (Auer & Baker, 2002; Gross et al., 2002).
Sturgeons follow a type III survivorship curve (Demetrius, 1978), so sturgeon
populations experience the highest mortality during the larval development stage (Houde,
2002). It is critical to understand the different factors contributing to larval mortality to
better guide restoration and management efforts with these imperiled populations.
Reproduction in fish is a continuous, developmental process that requires
energetic, ecological, physiological, anatomical, and biochemical adaptations (Rocha et
al., 2008). All sturgeon species reproduce in freshwater and follow one of three general
life history strategies: (1) a potamodromous migration where fish both reside and
reproduce in freshwater habitats, or an anadromous migration where fish either (2) reside
in estuary/brackish habitat, but reproduce in freshwater, or (3) reside in marine habitat,
but reproduce in freshwater (Rochard et al., 1990). All sturgeon, regardless of their life
history strategies, spawn in a lotic environment with adhesive eggs (Chojnacki et al,
2020) and all sturgeon larvae have a key drift and dispersal stage after hatch (Deng et al.,
2002; Kynard & Horgan, 2002; Kynard et al., 2002a, 2007; Smith & King, 2005). The
characteristics of this drift behavior vary between sturgeon species (Gisbert & Ruban,
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2003; Braaten et al., 2008) and many of the factors that influence the survival of these
drifting larvae are poorly understood (Kynard & Horgan, 2002).

Larval drift
Endogenously feeding Pallid Sturgeon larvae display a negative rheotactic
behavior (drifting) immediately after hatching from an embryo (Kynard et al. 2002a,
2007, Braaten et al. 2012a). It is common among lotic fishes to orient themselves with the
flow during the downstream drift phase to facilitate larval drift and dispersal (Pavlov
1994), and many Acipenseridae larvae follow this early life cycle. Larval Siberian
Sturgeon (Gisbert & Ruban 2003), White Sturgeon (Deng et al. 2002), Kaluga Sturgeon,
Chinese Sturgeon (Zhuang et al. 2002, 2003), Amur Sturgeon, and Shovelnose Sturgeon
(Kynard et al. 2002a; Braaten et al. 2008) are negatively rheotactic immediately after
hatch. Other sturgeon species including Lake Sturgeon (Smith and King 2005), Green
Sturgeon (Deng et al 2002), Shortnose Sturgeon (Richmond and Kynard 1995), and
Atlantic Sturgeon (Kynard and Horgan 2002) exhibit positive rheotactic behavior for 5-8
days post hatch (dph) before transitioning to negative rheotaxis. These species delay the
behavioral transition to drift and disperse later in ontogeny. There are a number of
mechanisms proposed to explain this downstream larval drift including predator
avoidance (Copp et al. 2002; Humphries 2005; Usvyatsov et al. 2013; Lechner et al.
2016), reduced competition during ontogenetic development (Kynard et al. 2002b;
Nathan et al. 2008; Lechner et al. 2016), and(or) relocation to suitable rearing and
feeding habitat (Pavlov 1994; D’Amours et al. 2001; Lechner et al. 2016).
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Endogenous Pallid Sturgeon larvae feed exclusively on their lipid-rich yolk sac,
relying on it for energy that is allocated towards growth and metabolism (Kamler 2008;
Deslauriers et al. 2017). Consumption of the yolk sac is temperature-dependent and
usually takes 10-15 days, depending on temperature, as the larvae drift downriver
(Kynard et al. 2002a, 2007; Braaten et al. 2008, 2012a). Once the yolk sac is consumed,
the Pallid Sturgeon transition from larvae to fry. This transition is characterized by the
shift to positive rheotaxis, orienting towards the flow to maintain position and settle into
the benthos. Pallid Sturgeon fry also start to feed exogenously after this transition (Gosch
et al. 2019; Braaten et al. 2012a; Holley et at. 2022). This transition is critical to
understand for Pallid Sturgeon survival, and our ability to quantify this transition lies in
accurately defining characteristics of this behavior shift. Kynard et al. (2007) defined the
initiation of the exogenous life stage (dph) based on two criteria; expulsion of the yolkplug and presence of food items in the stomach. They used cumulative thermal units
(CTU) to relate these physical changes to water temperature, calculating the number of
CTU’s required to complete the transition (CTU = 200). Mrnak et al. (2020) expanded on
this idea but used innate swimming behaviors of larvae to describe the settling behavior,
pointing out that the use of behavioral attributes had important implications for modelling
downstream drift associated with settling. Using behavioral attributes allows us to predict
the actual transition to settling behavior, because larvae will often settle and attempt to
begin exogenous feeding shortly before the complete expulsion of their yolk plug to
minimize the chances of starvation (Sanz et al., 2011).
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Temperature Effects
Temperature is one of the most important environmental factors affecting growth
and survival in fishes (Fry, 1957). The temperature regime of the Missouri River has been
greatly affected by the completion of six main-stem dams (U.S. Fish and Wildlife
Service, 2003) (U.S. Army Corps of Engineers, 2021). Cold water pollution (CWP)
occurs during the summer months where cold water is released from the bottom of large,
thermally-stratified impoundments (Boys et al., 2009; Lugg & Copeland, 2014; Preece,
2004) and can affect downstream water temperatures for hundreds of kilometers (Parisi et
al., 2022). Research has been conducted to assess the effect of varying water temperature
on larval sturgeon (Aidos et al., 2020; Colombo et al., 2007; Poletto et al., 2018), but
were focused on the effect of a constant temperature on larval development. During the
larval drift phase, Pallid Sturgeon larvae are not experiencing a constant temperature as
they drift downstream (Braaten et al., 2012b). CWP affects water temperature at the base
of the dam the most, with water temperature generally increasing the further downstream
from the dam/impoundment (Lugg & Copeland, 2014). Depending on ambient river
temperature and drift rate, Pallid Sturgeon larvae can experience a range of heating rates
as they drift downstream, and it is unknown how these conditions affect their growth and
subsequent settling time as they complete their larval drift phase.
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Research Hypotheses
Fish growth and development are directly related to temperature-dependent
metabolic requirements (Fry, 1957), so we hypothesized that development of Pallid
Sturgeon larvae will be positively related to the heating rate they experience as they drift
downstream. Larvae experience a range of temperatures during the drift, as opposed to a
constant temperature, and this difference can have implications on management actions
such as warm-water releases from Fort Peck Dam or determining drift duration/distance
in newly-opened habitat of the Yellowstone River.
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Chapter 2: LIVING IN A GRADIENT: THE INFLUENCE OF
WATER TEMPERATURE VARIATION ON DEVELOPMENT,
SETTLING TIME AND SURVIVAL OF PALLID STURGEON
LARVAE IN THE MISSOURI RIVER
Abstract
Pallid Sturgeon (Scaphirhynchus albus) are a federally endangered species experiencing
widespread reproduction and recruitment failures. Recruitment failure is hypothesized to
be caused by habitat modifications made to the Missouri River that disrupt connectivity
and alter temperature profiles downstream of constructed dams. Hypolimnetic releases
from Missouri River dams affect the temperature downstream, creating colder conditions
during the downstream drifting phase for dispersing larvae. Understanding the influence
of water temperature changes on larval development is crucial for recovery efforts. In this
study, we evaluated the effects of water temperature daily heating rate on energy use,
settling behavior, and growth rate of endogenously feeding Pallid Sturgeon larvae. Test
conditions for the experiment spanned a range of heating rates that may occur as water
warms longitudinally. Settling rate of larvae was inversely related to heating rate and
ranged from 8.25 days post hatch (dph) at 0.4°C day-1 to 5.5 dph at 1.5°C day-1. The
difference in drift time at 0.4°C versus 1.5°C day -1 (e.g., 2.75 days) would extend the
drift distance by approximately 150 km based on average river velocity. These data were
used to develop a predictive model for estimating settling time and drift distance of
sturgeon larvae based on temperature and velocity conditions in the Missouri and
Yellowstone rivers. Applying the model at two simulated water velocities (0.3 m s -1 and

19

0.6 m s-1) in the Missouri River predicts that Pallid Sturgeon larvae would drift 163 - 310
kilometers, and have sufficient drift distance between Fort Peck Dam and the headwaters
of Lake Sakakawea. When the model was applied to conditions in the Yellowstone River
with a simulated velocity of 1.8 m s-1, the predicted drift distance exceeded the length of
available drifting habitat resulting in Pallid Sturgeon larvae drifting beyond the
Yellowstone River and into the Missouri River above Lake Sakakawea. However,
tributaries to the Yellowstone River including the Powder River remain uninvestigated as
more potential spawning locations that are now accessible to Pallid Sturgeon. These
findings will help inform proposed surface-water releases at Fort Peck Dam to improve
larval survival in the Upper Missouri River as well as provide insight into potential
Pallid Sturgeon spawning in the newly-accessible Yellowstone River.

Introduction
Sturgeons (family Acipenseridae, four genera, 25 spp.) are one of the most
threatened groups of vertebrates in the world due to anthropogenic modifications to
streams and rivers (Houde, 2002; Perkin et al., 2015), commercial harvest (Bettoli et al.,
2009), slow growth, and(or) late maturation (Elvira, 2006). All sturgeon larvae have a
key drift and dispersal stage after hatch (Deng et al., 2002; Kynard & Horgan, 2002;
Kynard et al., 2002a, 2007; Smith & King, 2005) and factors influencing sturgeon
survival during this early life stage are not well documented. Survival during the larval
phase is critically important for population recovery as it directly relates to year-class
strength and subsequent recruitment (Auer & Baker, 2002; Gross et al., 2002). Thus, it is
critical to understand the different factors contributing to larval mortality to better guide
restoration and management efforts with these imperiled populations.
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Pallid Sturgeon Scaphirhynchus albus are native to riverine habitats within the
Missouri and Lower Mississippi River basins, USA (Keenlyne, 1989). They are a longlived, large-bodied fish (Jordan et al., 2019) that evolved for riverine life by using a
reproductive strategy that relies upon river connectivity (Braaten et al, 2008a). River
connectivity, however, has been reduced by anthropogenic habitat alterations (Hesse,
1987) including the construction of six impoundments and river channelization
(Schneiders, 1996). These modifications resulted in reduced connectivity, hydrologic
variation, thermal refugia, and critical habitat (Jacobson and Galat, 2006; DeLonay et al.,
2009; Erwin et al., 2018). Declines in Pallid Sturgeon populations following changes to
the natural river environment resulted in Pallid Sturgeon being listed as federally
endangered under the Endangered Species Act in 1990 (U.S. Fish and Wildlife Service
1990, 55 FR 36641-36647).
The U.S. Fish and Wildlife Service (USFWS) outlines the primary strategy for
recovery of Pallid Sturgeon as 1) conserving the range of genetic and morphological
diversity of the species across its historical range; 2) fully quantifying population
demographics and status within each management unit; 3) improving population size and
viability within each management unit; 4) reducing threats having the greatest impact on
the species within each management unit; and, 5) using artificial propagation to prevent
local extirpation within management units where recruitment failure is occurring (US
Fish and Wildlife Service, 2014). Recovery efforts associated with the endangered Pallid
Sturgeon, have focused primarily on habitat restoration (Dryer and Sandvol 1993) and
stocking (Jordan et al., 2006). The USFWS mandated the U.S. Army Corps of Engineers
(USACE) to restore 20,000 acres of shallow water habitat (U.S. Fish and Wildlife
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Service, 2003), defining shallow water habitat as <1.5 m deep with mean water velocities
<60 cm s-1 (Gosch et al., 2013). The USACE has been restoring this habitat by
constructing off-channel habitats and/or modifying/removing existing control structures,
but more information is needed to understand if these constructed shallow water areas
can provide adequate habitat for population recovery (Steffensen et al., 2010; DeLonay et
al., 2016). Other habitat restoration/manipulation actions include test, surface-water
releases at Fort Peck Dam to mitigate the colder water temperature below the dam (U.S.
Army Corps of Engineers, 2021) and construction of a fish passage structure at Intake
Dam to reestablish connectivity with the Yellowstone River (U.S. Bureau of
Reclamation, 2021). Stocking of juveniles has been a widely used recovery technique to
supplement populations with both numbers and genetic diversity (DeLonay et al., 2016).
However, Pallid Sturgeon mature late (15-20 years for females, Keenlyne and Jenkins,
1993), so it is unknown if stocked individuals will successfully spawn and if their
offspring will survive and recruit to the adult population. Preliminary research has shown
hatchery-origin fish retained similar reproductive characteristics from the wild
broodstock (Holmquist et al., 2019), which is an indication that the Pallid Sturgeon
conservation propagation program will likely produce reproductively successful Pallid
Sturgeon in the wild.
Pallid Sturgeon have evolved to depend upon river connectivity for their early life
history stage. Sexually mature adults migrate upriver and form spawning aggregates
when the water temperature reaches 16-18° (DeLonay et al., 2016). Endogenously
feeding Pallid Sturgeon larvae display a negative rheotactic behavior (drifting)
immediately after hatching (Kynard et al., 2002a, 2007, Braaten et al., 2012a). It is
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common among lotic fishes to orient themselves with the flow during the downstream
drift phase to facilitate larval drift and dispersal (Pavlov 1994), and many Acipenseridae
larvae follow this early life-stage behavior (Gisbert & Ruban, 2003; Deng et al., 2002;
Zhuang et al., 2002, 2003; Kynard et al., 2002a; Braaten et al., 2008a). There are a
number of mechanisms proposed to explain downstream larval drift including predator
avoidance (Copp et al. 2002; Humphries 2005; Usvyatsov et al. 2013; Lechner et al.
2016), reduced competition during ontogenetic development (Kynard et al. 2002b;
Nathan et al. 2008; Lechner et al. 2016), and(or) relocation to suitable rearing and
feeding habitat (Pavlov 1994; D’Amours et al. 2001; Lechner et al. 2016).
Pallid Sturgeon larvae require sufficient distance of unimpeded, free-flowing river
for drift and ontogenetic development prior to transitioning to an exogenous feeding stage
(Kynard et al., 2002a, 2007; Braaten et al., 2008a, 2012a). Endogenous Pallid Sturgeon
larvae feed exclusively on their lipid-rich yolk sac, relying on it for energy that is
allocated towards growth and metabolism (Kamler 2008; Deslauriers et al. 2017).
Consumption of the yolk sac is temperature-dependent and usually takes 10-15 days as
the larvae drift downriver (Kynard et al. 2002a, 2007; Braaten et al. 2008a, 2012a). Once
the yolk sac is consumed, the Pallid Sturgeon transition from larvae to fry. This transition
is characterized by the shift to positive rheotaxis, orienting towards the flow to maintain
position and settle onto the benthos. Pallid Sturgeon fry also start to feed exogenously
(Gosch et al. 2019; Braaten et al. 2012a; Holley et at. 2022) on aquatic invertebrates until
they develop into larger juveniles and begin to prey on larger invertebrates and small
fishes (Gerrity et al., 2006; Wanner et al., 2007; Grohs et al., 2009). The transition from
larvae to fry is critical for Pallid Sturgeon survival, and our ability to quantify this
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transition lies in accurately defining characteristics of this behavior shift. Kynard et al.
(2007) defined the initiation of the exogenous life stage (dph) based on two criteria:
expulsion of the yolk-plug and presence of food items in the stomach. They used
cumulative thermal units (CTU) to relate these physical changes to water temperature,
calculating the number of CTU’s required to complete the transition (CTU = 200). Mrnak
et al. (2020) expanded on this idea but used innate swimming behaviors of larvae to
describe the settling behavior, pointing out that the use of behavioral attributes had
important implications for modelling downstream drift associated with settling. Using
behavioral attributes allows us to predict the actual transition to settling behavior,
because larvae will often settle and attempt to begin exogenous feeding shortly before the
expulsion of their yolk-sac plug to minimize the chances of starvation (Sanz et al., 2011).
Changes in river connectivity caused by the addition of main-stem impoundments
in the Missouri River have been hypothesized to reduce available drift habitat required by
larvae and impede the transition from larva to fry. Past studies have indicated that under
existing flow and thermal regimes, the amount of available drift habitat is insufficient to
allow for this life stage transition (Kynard et al. 2007; Braaten et al. 2008b, 2012b). Drift
models developed for Pallid Sturgeon larvae based on cumulative thermal units indicate
that distances of 245 – 600 km (Kynard et al. 2007; Braaten et al. 2008b, 2012b) are
required to complete this key developmental stage, that is dependent on water velocity,
temperature, and larva drift characteristics. However, drift models based on direct
observation of settling behavior have indicated shorter drift distances may be needed than
previously hypothesized (Mrnak et al., 2020), but available drift distance is still a cause
for concern because the longest free-flowing, unimpeded stretch of the Missouri River is
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only 340 km, located between Fort Peck Dam (Fort Peck, MT) and the headwaters of
Lake Sakakawea (near Williston, ND). Using an advanced one-dimensional modeling
framework based on passive particles (dye), Erwin et al. (2018) concluded that Pallid
Sturgeon embryos hatching near Fort Peck Dam will likely reach Lake Sakakawea before
completing the larval stage. All of these models indicate that there is a high probability
for drifting larvae to be advected into Lake Sakakawea before completing their transition
from larvae to fry, reaching low velocity environments in the headwaters of reservoirs.
As a riverine-adapted species, survival of Pallid Sturgeon larvae in low velocity
environments is assumed to be low (Kynard et at., 2007; Guy et al., 2015). More energy
used for activity, such as swimming/searching for adequate dispersal flows in low flow
environments results in greater mortality of endogenous fry (Mrnak et al., 2020).
Decreased growth and survival can have important implications for Pallid Sturgeon
recruitment and supports drift habitat deficiency as a limiting factor for Pallid Sturgeon in
the Missouri River.
Temperature is one of the most important environmental factors affecting growth
and survival in fishes (Fry, 1957). The temperature regime of the Missouri River has been
modified by the construction of the six main-stem dams (U.S. Fish and Wildlife Service,
2003) (U.S. Army Corps of Engineers, 2021). Cold water pollution (CWP) occurs during
the summer months where cold water is released from the bottom of large, thermallystratified impoundments (Boys et al., 2009; Lugg & Copeland, 2014; Preece, 2004) and
can affect downstream water temperatures for hundreds of kilometers (Parisi et al., 2022).
Research has been conducted to assess the effect of varying water temperature on larval
sturgeon (Aidos et al., 2020; Colombo et al., 2007; Poletto et al., 2018), but these studies
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were focused on the effect of a constant temperature on larval development. During the
larval drift phase, Pallid Sturgeon larvae are not experiencing a constant temperature as
they drift downstream (Braaten et al., 2012b). CWP affects water temperature at the base
of the dam the most, with water temperature generally increasing the further downstream
from the dam/impoundment (Lugg & Copeland, 2014). Depending on ambient river
temperature and drift rate, Pallid Sturgeon larvae can experience a range of heating rates
as they drift downstream, and it is unknown how these conditions affect their growth and
subsequent settling time as they complete their larval drift phase.
Larval sturgeon development is directly related to temperature-dependent
metabolic requirements. Understanding the effects of water temperature variation can
have implications on management actions such as warm-water releases from Fort Peck
Dam or determining drift duration/distance in newly-opened habitat of the Yellowstone
River. In this study, we evaluate how changes in water temperature (i.e., heating rate)
influence growth, energy reserves, settling time and mortality of Pallid Sturgeon larvae.
Using this information, we developed drift models to simulate larval drift duration and
potential settling locations in the Missouri and Yellowstone rivers. Modeling results are
discussed in the context of the drift deficiency hypothesis and habitat restoration efforts
in the Missouri and Yellowstone rivers.
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Methods
Fish growth, energy loss and settling time
Experimental tank design
To simulate drift conditions, we used the microcosm system designed by Mrnak
et al. 2020 (Figure 1). The design featured two 115 L oval, black polyethylene tanks
(n=14; 90 x 64 x 30 cm) inside a larger 454 L containment tank (n=7; 244 x 64 x 30 cm;
Figure 1B), creating a recirculating, biofiltration system. Each experimental tank
contained an outflow standpipe (5.1 cm diameter) covered with a 7.6 mm diameter mesh
screen (Figure 1A). A water pump (120 V, Aquaclear 70, Hagen Inc., Mansfield, MD)
was mounted on the outside of each experimental tank and used to circulate dechlorinated
water between the containment tank and experimental tank (Figure 1B). Plastic biofilters
and one aerator were placed on each end of the containment tank near the water pumps
and water discharge into each tank was controlled using a 1.9 cm metered ball valve. A
PVC spray bar (1.9 cm diameter x 25.4 cm) was mounted vertically in each tank and
drilled with five equally spaced 0.63 cm diameter holes to homogenize flow distribution
in the tank (Figure 1A).
To evaluate the effects of heating rate on growth, energy depletion, settling time,
and mortality of endogenously feeding Pallid Sturgeon larvae, we randomly assigned one
of six water heating rates to each containment tank. Heating rates corresponding to 0.4 ±
0.044°C day-1, 0.8 ± 0.082°C day-1, 1.2 ± 0.098°C day-1, 1.3 ± 0.146°C day-1, 1.4 ±
0.246°C day-1, and 1.5 ± 0.186°C day-1 were replicated twice (i.e., two experimental tanks
per heating rate). Heating rates were obtained using two submersible bayonet heaters
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(115 V, 800 W, Finnex Titanium Heating Tube, Finnex Inc., Chicago, IL) in each
containment tank (Figure 1B). The heaters were connected to a digital controller that
allowed for precise temperature control (± 0.2 °C), and the digital controllers were
plugged into programmable outlet timers (Nearpow Multifunctional Programmable Timer
with Countdown and 7-Day Digital Infinite Repeat Cycle Intermittent, 19 ON/OFF
Programs for Electrical Outlets, 3 Prong, 15A/1800W, Nearpow). The outlet timers
controlled when each heater received power, allowing us to program when each tank was
heated or not heated. Each heating rate had a different cyclic pattern of on/off times, with
higher heating rates having the heaters run more often than the lower heating rates. The
initial water temperature in each tank was similar at the start of the experiment
(average=17.5°C, range 17.3 to 17.7°C), and ambient room was set to 17.7°C (air
conditioning) although it varied diurnally (+/- 7.0°C day -1, SE=0.4), depending on
day/night temperatures. Water temperature was recorded every twenty minutes adjacent
to the water pump for each experimental tank using a temperature data logger (HOBO
TidbiT v2 Water Temperature Data Logger, Onset Computer Corporation, Bourne, MA).
Water temperature was also measured 4 times daily at 9 am, 12 pm, 3 pm, and 6 pm
using a digital thermometer (Neptonion Aquarium Thermometer LCD Digital Aquarium
Thermometer). Water velocity in experimental tanks was measured at six points along the
minor axis of each tank (Figure 1B) using a Marsh-McBirney flow meter (Flo Mate
model 2000, Marsh-McBirney Inc., Frederick, MD) and all tanks were maintained with
an average water velocity of 9.0 cm s-1 (n=14, SE=1.37 cm s-1) (Mrnak et al. 2020). The
system was maintained on a natural photoperiod (44.3114° N, 96.7984° W) using fullspectrum, artificial lighting.
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Fish source
Pallid Sturgeon larvae used in our experiment were obtained from the U.S. Fish &
Wildlife Service, Gavins Point National Fish Hatchery. We obtained 2 dph larvae on 21
June 2021, from genetically unique family crosses (n=6) of captive broodstock; all larvae
(~30,000) were randomly sorted into large plastic bags containing oxygenated water
before being transported to the USGS Fisheries Research Unit Laboratory located at
South Dakota State University. Fish were acclimated to the water temperature in the
experimental tanks and then removed from the bags in batches using a small dip net,
weighed wet, and stocked into the experimental tanks at a mean stocking density of 2,057
(n=14, SE = 24.38) larvae per tank.
Fish growth and energy density
We collected a total of 8 samples (~ 100 larvae/sample) prior to stocking to
estimate initial energy density and total length. After fish were stocked, we collected
larvae (n = 40) at 3 or 4 dph from each tank and repeated this sampling procedure at twoday intervals (i.e., an individual tank was sampled every other day). Dead larvae were
removed daily and we recorded the time (dph) for the population in each tank to reach
100% mortality. On each sample date, we measured a subsample of larvae (n=10) for
total length (TL) to the nearest mm and obtained a total wet weight (nearest 0.0001 g) for
the remainder of the larvae (n = 30) by weighing a plastic tube containing a mesh filter
and the larvae, removing the larvae, and then reweighing the tube and filter. Larval
samples were then placed in cleaned, pre-weighed plastic tins and dried to constant
weight at 65°C. The tin and larvae were then weighed and that weight was subtracted
from the pre-weighed tin to obtain a total dry weight (nearest 0.0001 g) for each sample.
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Using the ratio of dry-to-wet weight from each sample, we estimated energy density of
larvae (ED) using the regression model developed by Deslauriers et al. (2016),
ED = -1,077 + DW(27,683.2),
where ED is larval energy density (J/g wet weight) and DW is the dry-to-wet weight ratio
of larvae, expressed as a proportion.
Rheotactic behavior
The time (dph) for larvae to make a behavioral transition from negative to
positive rheotaxis (drifting to settling) was quantified by direct observation. Two
independent observers (both experienced with larval Pallid Sturgeon) recorded an
estimate for the percent of larvae (5% intervals) exhibiting positive rheotaxis twice daily
for each experimental tank. Larvae were considered as exhibiting positive rheotaxis when
they were on the bottom of the tank, orienting towards the flow, and maintaining position
(Gisbert & Ruban, 2003; Mrnak et al. 2020). The day and time that both observers agreed
≥95% of larvae were exhibiting positive rheotaxis was recorded as the time (dph) for the
behavioral transition from negative to positive rheotaxis for larvae in that tank.
Statistical analysis
I used regression analysis to model the effect of heating rate (°C day -1) and
cumulative thermal units (CTUs) on settling time (dph) of Pallid Sturgeon larvae (i.e.,
amount of time for ≥95% of larvae to exhibit positive rheotaxis). CTUs were included in
the model to account for variation in initial water temperature and compensate for the
first two days post hatch where the larvae were kept at a constant temperature (~17°C).
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All analyses were conducted using the RTM statistical environment (v4.1.2, R
Development Core Team 2021).
Drift Model Simulations
To explore the effects of heating rate on downstream drift requirements, we used
the predictive model developed from the microcosm experiment to simulate potential
drift distances of Pallid Sturgeon larvae in the Missouri and Yellowstone rivers.
Objectives of the simulated, drift modeling were to apply the model to two scenarios that
represented starting locations for drifting larvae: (1) a location in the Missouri River
where adult Pallid Sturgeon are reported to congregate/spawn below Fort Peck Dam and
(2) a location in the recently re-opened, Yellowstone River that represents the furthest,
upstream migration barrier that adult Pallid Sturgeon can access (Figure 2).
Water temperatures – Missouri and Yellowstone rivers
We used water temperature data from the upper Missouri River (Fuller & Braaten
2012) to develop the Missouri River drift model simulations, using mean daily water
temperatures (°C) from 9 different temperature loggers on the Missouri River at RKM
2841, 2832, 2814, 2738, 2604, 2561, 2547, 2537, and 2500. To develop a drift model for
the Yellowstone River, we compiled mean daily water temperature and discharge data for
2019 from three US Geological Survey gaging stations (temperature – USGS 06329500
at RKM 47 and USGS 06214500 at RKM 580; discharge – USGS 06309000 at RKM
296) along the Yellowstone River. We linearly interpolated water temperatures between
gaging stations when necessary.
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Drift model simulations
We selected RKM 2832 as the simulated spawning site in the Missouri River
(Braaten et al., 2012b). This location has been observed to be a site of Pallid Sturgeon
congregation/spawning activity (U.S. Army Corps of Engineers 2021). Pallid Sturgeon
generally spawn after water temperatures reach 16-18 °C (Delonay et al. 2016), so we
used 16 °C as the temperature when ‘simulated’ spawning occurred at RKM 2832. We
selected June 20th as the simulated date of spawning based on data in Fuller and Braaten
(2012) because mean water temperature of 16 °C generally occurs around that date.
Based on larval development and daily water temperatures at RKM 2832 (~15.8°C from
June 20th to June 26th), the simulated larval drift phase began on June 26th after the
embryos had accumulated 111 CTUs and reached mid-hatch (153 hours; Kappenman et
al., 2013). We modeled two different potential water velocities representing a low (0.3 m
s-1) and average (0.6 m s-1) velocity in the Missouri River (Braaten et al., 2012b) that
corresponded to daily drift distances of 25.9 km day -1 and 51.8 km day-1 respectively. We
then used non-linear regression analysis to determine the rate of temperature increase by
plotting average daily temperature against the RKM reached by the drifting larvae each
day. The rate of temperature increase (°C day-1) as well as the sum of the average daily
temperatures (i.e., CTUs) were then entered into the model derived from the microcosm
experiment to estimate settling time (dph). The settling time reflects the number of days
to complete the transition from drifting to settling.
The modelling process includes three steps: 1) estimating settling time, 2)
accounting for drift rate, and 3) subtracting the drift distance from the starting location
(RKM) to estimate settling location. Estimating settling time involves accounting for
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both heating rate (°C day-1) and cumulative thermal units (CTUs), where CTUs require
the sum of the daily temperatures, so that the number of days incorporated into the model
are similar to the calculated settling time (see Results). Once the expected settling time
(dph) is calculated, it can be multiplied by the velocity of the river (km day -1) to account
for the drift rate and estimate total drift distance (km). The drift distance can then be
subtracted from the initial RKM to determine the expected settling location (e.g., RKM).
We used the same modeling process to estimate drift distance for larval Pallid
Sturgeon in the Yellowstone River. However, until April 2022, Pallid Sturgeon have not
had access to the Yellowstone River or its tributaries above Intake Dam, a water
irrigation project about 110 km above the mouth of the Yellowstone River (U.S. Bureau
of Reclamation, 2021). The recent opening of Intake is the first time in over 100 years
that adult Pallid Sturgeon have had access to the upper Yellowstone River and its
tributaries. Since there are no observed locations of tagged-adult congregations, we
selected RKM 381 as a simulated spawning location. This RKM is directly below
Cartersville Dam, the furthest upstream barrier on the Yellowstone River. We ran
simulations based on temperature and discharge data for 2019. Long-term discharge data
from the upper Yellowstone River (1890-2018) shows that spring discharge in 2019 was
above average, but by summer (e.g., late June) was similar to long-term, average
discharge in the river (U.S. Department of the Interior, 2022). We used the same
simulated spawning date (June 20th) as the Missouri River for the simulation
(corresponding with an initial spawning temperature of 15.2°C) because Pallid Sturgeon
use of the Yellowstone River corresponds with the same time frame as the Missouri River
simulation (Fuller & Braaten, 2012). Based on larval development (Kappenman et al.,
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2013) and average daily water temperatures at RKM 381, (~14.5°C from June 20th to
June 26th in 2019), the simulated larval drift phase began on June 26 th after fertilized
eggs would have accumulated 102 CTUs and reached mid-hatch (153 hours; Kappenman
et al., 2013). We used the equation developed by McCarthy (2009) to convert discharge
to water velocity based on the following equation
v = 0.0163Q0.5541,
where V is water velocity (ft s-1) and Q is discharge (ft3 s-1). After converting the units,
the average velocity for 2019 was 1.8 m s-1 (155.52 km day-1). The modelling process
included the same three steps: 1) estimating settling time, 2) accounting for drift rate, and
3) subtracting the drift distance from the starting location (RKM) to determine the
settling location (Figure 3).

Results
Effect of Heating Rate on Settling Time
Daily growth rate (mm/day) of Pallid Sturgeon larvae was positively related to
heating rate (Figure 4). Daily growth rate (dGR) for endogenously feeding Pallid
Sturgeon larvae can be estimated as
dGR = 0.42 + (HR)0.68,
where HR is heating rate in °C/day (F1,5 = 70.2, P<0.001, r2=0.93).
Daily energy loss (J g wet weight-1 d-1) was inversely related to heating rate
(Figure 4). Daily energy loss (dEL) for endogenously feeding Pallid Sturgeon larvae can
be estimated as
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dEL = -500.7 – 124.9 (HR),
where HR is heating rate in °C/day (F1,5 = 11.6, P=0.02, r2=0.68).
The amount of time (dph) for Pallid Sturgeon larvae to make a behavioral
transition from negative to positive rheotaxis (drifting to settling) was inversely related to
heating rate (Figure 4). We found a significant relationship between heating rate, CTUs,
and settling time (F2,9= 45.31, P < 0.001, adjusted R2 = 0.89). Time to transition from
drifting to settling (STt in dph) for endogenously feeding Pallid Sturgeon larvae can be
estimated as,
STt = 4.40 - HR(1.35) + CTU(0.028),
where HR is heating rate (°C day-1) and CTU is the number of cumulative thermal units.
The mean (SE) dph for larvae to transition from drifting to settling was 8.3 (0), 6.7
(0.5625), 6 (0), 6.4 (0.5), 5.9 (0), and 5.5 (0.375) at heating rates of 0.4°C day -1, 0.8°C
day-1, 1.2°C day-1, 1.3°C day-1, 1.4°C day-1, and 1.5°C day-1 respectively. In the absence
of exogenous food sources, the mean (SE) dph for larvae to reach 100% mortality varied
from 8.1 (0.01) to 19.8 (0) days (Table 1).
Modelling settling distance
In order to predict settling time (dph), we first determined the average
temperature at each RKM by interpolating temperature between the RKMs using nonlinear regression for the Missouri River simulations (Figure 5) and linear regression for
the Yellowstone River simulations(Figure 6). Once those values were calculated, we
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estimated heating rate by applying linear regression to the average temperature associated
with the ending RKM for each day during the drifting phase (Figure 7). Since estimating
settling time also involves calculating CTUs (the sum of the daily temperatures), the
number of days incorporated into the model needs to be similar to the calculated settling
time, so the calculation is repeated until the number of days considered in the CTUs
calculation is equal to the estimated settling time. Once the settling time is estimated, it is
then multiplied by the velocity and subtracted from the starting RKM. (Figure 3).
Simulated spawning at RKM 2832 in the Missouri River on June 20 th, resulted in
Pallid Sturgeon larvae reaching mid-hatch and beginning their drift phase on June 26 th
after accumulating 111 CTUs. Larvae drifting at 0.3 m s -1 (25.92 km day-1) would
experience an average heating rate of 0.8°C day-1 and drift for a total of 6.6 days before
settling 163-179 km downstream (Table 2). Pallid larvae drifting at 0.6 m s -1 (51.84 km/
day) experienced a heating rate of 1.3°C day-1 and drifted for a total of 5.6 days before
settling 268-310 km downstream. Both of these simulated drifts completed before fish
reached the headwaters of Lake Sakakawea, with the 0.3 m s-1 group settling over 100 km
upstream of the mouth of the Yellowstone River. Under average flow conditions (~0.6 m
s-1), these results indicate that Pallid Sturgeon larvae hatched at RKM 2832 could
complete their transition from drifting to settling within the Missouri River, without
entering the headwaters of Lake Sakakawea.
After being fertilized at RKM 381 in the Yellowstone River on June 20 th, Pallid
Sturgeon larvae would reach mid-hatch and begin their drift phase on June 26 th after
accumulating 102 CTUs. The simulated larvae traveled at 1.8 m s -1 (155.52 km day-1),
experiencing a heating rate of 1.4°C day-1, and drifted for a total of 6.6 days before
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settling, but would have drifted over 400 km past the mouth of the Yellowstone River,
potentially drifting into the headwaters of Lake Sakakawea (Table 2).

Discussion
The construction of six main-stem impoundments on the Missouri River has
resulted in a cooler thermal regime below dams (U.S. Fish and Wildlife Service, 2003;
U.S. Army Corps of Engineers, 2021) owing to cold hypolimnetic, water releases that can
affect riverine temperatures for over 300 km downriver (Figure 8; Sherman et al., 2007;
DeLonay et al., 2016; Erwin et al., 2018). Cooler thermal regimes associated with dam
operations have been hypothesized to increase the drift distance requirements of Pallid
Sturgeon larvae by slowing down metabolic processes and developmental rates (Kynard
et al., 2007; Braaten et al., 2008a, 2012a; Deslauriers et al., 2017). This increased drift
distance could result in Pallid Sturgeon larvae drifting into the low velocity environments
associated with headwaters of the downriver reservoirs created by the impoundments,
decreasing the likelihood for survival and subsequent recruitment (Mrnak et at., 2020;
Guy et al., 2015). A study of habitat attributes in the headwaters of Lake Sakakawea
reported decreased velocity at upstream sites (10-100 cm s -1) that declined to “negligible“
velocities 45 km downstream of the upper portions of the reservoir (Fredricks and
Scarnecchia, 1997).
Greater heating rate results in faster metabolism and development among drifting
larvae, that corresponds to a quicker transition from negative to positive rheotaxis
(drifting to settling). Faster transitions from negative to positive rheotaxis require less
drift space in natural environments because larval drift distances are mediated by velocity

37

of the river (Braaten et al., 2008b, 2012b). This concept directly relates to explaining part
of the perceived deficiency of drift habitat: in the Missouri River, the contemporary
thermal regime is cooler than historic conditions in which the species evolved, so Pallid
Sturgeon larvae now require more time and space to transition from larvae to fry (Kynard
et al. 2007; Mrnak et al., 2020). This study provides evidence that if manipulation of
below dam thermal regimes can increase downstream water temperatures, effects of cold
water pollution may alleviate some of the drift habitat deficiency caused by river
fragmentation. For example, using our predictive model to estimate settling time for
Pallid Sturgeon larvae, a 1.1°C day-1 increase in heating rate (0.4°C day-1 to 1.5°C day-1)
decreased time to settling by about 25%.
Previous studies modelling drift distance requirements of Pallid Sturgeon based
on velocity, temperature, and available riverine drift habitat suggest that larvae may be
reaching low velocity environments prior to completing the behavioral transition from
larvae to fry (Kynard et al., 2007; Braaten et al., 2008b, 2012b) where mortality rates are
high (Mrnak et al. 2020). These models have traditionally been based on physical
assumptions associated with the life-stage transition rather than behavioral assumptions.
For example, Kynard et al. (2007) developed their predictive model defining the initiation
of the fry life stage (i.e., settling) as the time (dph) when the yolk-plug has been expelled
and there is food present in the stomach. They incorporated the temperature-dependency
of development by calculating the daily cumulative thermal units (CTUs = 200) required
to complete this life-stage transition. Using their model, larval drift distance at a mean
water temperature of 17.8°C and water velocity of 32 cm s -1 was estimated to be 304 km
(Kynard et al. 2007). The presence of food in larvae stomachs may relate to the initiation
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of exogenous feeding associated with the fry life stage, but may not directly relate to the
behavioral aspect of settling to the benthos. The behavioral transition from negative to
positive rheotaxis occurs before first feeding because larvae settle to the benthos before
beginning to forage as fry (Gisbert & Ruban 2003; Nguyen & Crocker 2006), Mrnak et
al. (2020) used behavioral observation to quantify settling time rather than physical
assumptions and found a 56% decrease in required drift distance (373 km) at the same
temperature. Large variation in modelling drift distance can arise from fundamental
differences in how settling time for Pallid Sturgeon larvae is defined (Table 3).
Models developed in studies using constant temperatures do not reflect the
conditions that Pallid Sturgeon larvae experience in the natural environment. When
drifting large distances, Pallid Sturgeon larvae experience increasing water temperatures
as they drift downstream that may be more pronounced due to CWP caused by
hypolimnetic releases from the impoundments (Braaten et al., 2008b, 2012b). Rates of
water temperature increase depend on both the temperature along the river and the
velocity at which the river is flowing. Surface water releases at Fort Peck Dam alter the
thermal regime downriver of Fort Peck Reservoir where colder water temperatures are
hypothesized to increase development time and thus drift distance for larval Pallid
Sturgeon. Adaptive management activities that include warm water releases from Fort
Peck Dam are being considered as an approach to mitigate the effects of CWP (U.S.
Army Corps of Engineers 2021). Surface water releases, however, are only possible
through the operation of the Ft. Peck spillway and require sufficient flow to become
possible (U.S. Army Corps of Engineers 2021). The release of warm water may have an
effect on the thermal regime downriver, but is also associated with a change to the
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velocity regime due to the pulse of warmer water. This study developed a model to
predict settling time, and in turn drift distance, which accounts for the change in both the
thermal and velocity regimes resulting from these potential management actions. This
model will have important implications for informing surface water releases by weighing
the increase in temperature, which would shorten required drift distance, against the
increase in water velocity, which would make the larvae drift faster and potentially
counteract the shortened required drift distance based on the temperature increase.
The relatively long drift distance requirements seen in Pallid Sturgeon larvae are
common among other negatively rheotactic Acipenseridae larvae, as well. For example,
White Sturgeon larvae are thought to drift for about 150 km (McCabe Jr. and Tracy 1994)
while larval Siberian Sturgeon may drift 300 – 440 km downriver before completing the
transition from larvae to fry and settling to the benthos (Gisbert & Ruban 2003).
However, not all Acipenseridae exhibit negative rheotaxis immediately after hatch and
are therefore not as affected by required drift distances. Some species exhibit positive
rheotaxis for the first few days post hatch and then transition to negative rheotaxis, which
allows them to develop for a few days before starting the drift phase, shortening the
required time and distance needed to complete the larval life stage and transition to fry.
For example, larval Atlantic Sturgeon may only drift for 38 – 84 km (Kynard and Horgan
2002) and larval Shortnose Sturgeon drift for no more than 150 km before settling in
rearing areas just upriver of saline water (Buckley and Kynard 1985; Kynard 1997).
Larval Lake Sturgeon also do not initiate drift (exhibit negative rheotaxis) until at least 5
dph and require <60 km of riverine drift habitat to transition to fry (Auer and Baker 2002;
Smith and King 2005). A number of mechanisms have been proposed to explain drift
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distance of sturgeon larvae (Pavlov 1994; Gisbert & Ruban 2003; Braaten et al. 2008a;
Lechner et al. 2016) including reduced predation risk at hatch sites (Kynard et al., 2002a,
2007) and the transport of larvae from the coarse substrate found at hatch sites (DeLonay
et al., 2016) to downriver habitats that are sand dominated, providing suitable foraging
habitat for fry (Kynard et al., 2002a; Braaten et al., 2012a). Regardless of the mechanism
driving the drift phase, Pallid Sturgeon larvae require considerable distances to drift
before transitioning to exogenously feeding fry and these distances have only lengthened
given the cooler, contemporary thermal regime.
Anthropogenic modifications to the Missouri River reduced access to migration
corridors for Pallid Sturgeon, as well as availability of thermal and lotic habits (Jacobson
and Galat 2006; DeLonay et al. 2009; Erwin et al. 2018). While this study supports and
provides further evidence that river fragmentation and cooler water temperatures
associated with impoundments may negatively affect larval development and thus, drift
requirements of Pallid Sturgeon, our model suggests that Pallid Sturgeon larvae could
settle within the Missouri River and before the headwaters of Lake Sakakawea. The low
velocity conditions in the headwaters of Lake Sakakawea could act as a bottleneck for the
species if larvae are dispersed to low- or no-flow environments prior to transitioning to
fry (Mrnak et al., 2020), supporting the notion that recruitment failure may be related
drift habitat deficiency resulting from river fragmentation (Kynard et al., 2007; Braaten et
al., 2008b, 2012b; Erwin et al., 2018). The model developed in this study, however,
predicted Pallid Sturgeon larvae settling within the Missouri River near mouth of the
Yellowstone River (~RKM 2550) under average conditions. The larvae used in this study
to develop our models were produced from hatchery-reared adults, but Kynard et al.
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(2002a, 2007) found strong evidence for innate ontogenetic and drift behavior in Pallid
Sturgeon regardless of parental source, so it is unlikely that using larvae produced in a
hatchery setting had an influence on life history behaviors. Considering these findings,
our manipulative laboratory experiment may be indicative of flow and temperature
effects on naturally produced Pallid Sturgeon within the Missouri River that result from
spawning near Fort Peck Dam. Of course, microcosm experiments do not encompass all
of the nuisances of natural systems, but results drawn from laboratory experiments
provide support and direction for more ecologically based research and management
endeavors (Carpenter 1996; Drenner and Mazumder 1999).
The Yellowstone River and its tributaries represent new, potential spawning
habitat for Pallid Sturgeon after the installation of a fish passage structure at Intake Dam,
MT (U.S. Bureau of Reclamation, 2021). The original Intake Dam was finished as a part
of the U.S. Bureau of Reclamation’s Lower Yellowstone Project in 1909 and represented
a barrier to upstream migration of Pallid Sturgeon until April, 2022 when the bypass
channel was opened. For the first time in over a century, adult Pallid Sturgeon can now
move upstream into the middle Yellowstone River. Based on our simulation, the heating
rates experienced by drifting Pallid Sturgeon larvae in the Yellowstone River were
comparable to the Missouri River at 0.8-1.3°C day -1 versus 1.4°C day-1 with simulated
spawning occurring on June 20th and similar starting temperatures ~16°C. Although the
heating rates were similar, the water velocities of the two rivers were different; the
average velocity of the Missouri River was ~0.6 m s -1 (Braaten et al., 2012b), whereas the
velocity in the Yellowstone River was greater at about 1.8 m s -1 (this study). The
calculated velocity of the Yellowstone River may be overestimated, however, since it is
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based upon discharge data from a gaging station. Gaging stations tend to be located in
straight, uniform stretches of channel to avoid areas of flow disturbances (U.S.
Department of the Interior Bureau of Reclamation, 1953). Simulations using recent
temperature and discharge data indicate that Pallid Sturgeon larvae originating from the
most upstream location in the Yellowstone River (RKM 381) would drift beyond the
confluence with the Missouri River. However, access to tributaries of the Yellowstone
River may provide important spawning habitats for Pallid Sturgeon and serve to increase
downstream drift distance. The Powder River, Tongue River, and other tributaries to the
Yellowstone River could provide important spawning/drifting habitat for Pallid Sturgeon
in upcoming years. Future efforts that identify potential spawning and(or) larvae
locations would provide critical information for modeling drift distance using our
modeling approach.
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Table 1. The mean number of days (SE) for larvae to exhibit > 95% positive rheotaxis
(settling), the average length (mm) at settling, and the number of days (dph) for larvae to
exhibit > 95% mortality after being reared starting at 17°C and experiencing heating rates
ranging from 0.4 and 1.5 °C day-1.
Heating

Days until > 95%

Length at >95%

Days until > 95%

rate

positive rheotaxis

positive rheotaxis

mortality

°C day-1

(dph)

(mm)

(dph)

0.4

8.2 (0)

17 (0)

0.8

6.6 (0.5)

1.2

14.3 (0.5)

16.5 (0.5)

19.8 (0)

6.0 (0)

17 (0)

12.8 (0)

1.3

6.3 (0.5)

18 (1)

9.5 (0.6)

1.4

5.8 (0)

18 (0)

9.0 (0.06)

1.5

5.5 (0.3)

17 (1)

8.0 (0.1)

1.8

Yellowstone River

1.4

1.3
140

118

125

CTUs

6.6

5.6

6.6

(dph)

Time to larvae settling

964 - 1103*

268 – 310

163 - 179

(km)

distance

River and into the headwaters of Lake Sakakawea.

dph) for larvae to settle by the velocity for each simulation. Values with an asterisk represent larvae drifting beyond the Missouri

kilometer (RKM 381) in the Yellowstone River. Cumulative drift distances were calculated by multiplying the time (days post hatch,

each river simulated. The simulated drift started on June 26th from river kilometer (RKM) 2832 in the Missouri River, and river

Missouri River and one velocity (1.8 m s-1) in the Yellowstone River using heating rates calculated based on average temperatures in

Table 2. Larval Pallid Sturgeon cumulative drift distance estimates (kilometers, km) at two velocities (0.3 m s-1 and 0.6 m s-1) in the

0.6

Missouri River

0.8

(°C day-1)

(m s-1)
0.3

Heating Rate

Velocity

Missouri River

River Simulated

Passive, cumulative drift
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6.6

Yellowstone
1.8 m s-1

6.5

8.5
8.7

9.9

10.6

(dph)

Kynard et al.
(2007)

140

118

125

(CTUs)

This
study

143

168

172

(CTUs)

Mrnak et al.
(2020)

200

200

200

(CTUs)

Kynard et al.
(2007)

Cumulative thermal units
gained upon settling

964 1103*

268310

163179

(km)

This
study

1016*

440*

242

(km)

Mrnak et al.
(2020)

1353*

513*

275

(km)

Kynard et al.
(2007)

Passive, cumulative drift distance

Missouri River and into the headwaters of Lake Sakakawea.

temperature experienced during the drift phase. Asterisks represent values where larvae would be predicted to drift beyond the

CTUs (200 CTUs; Kynard et al., 2007). For application of the model developed by Mrnak et al., we calculated the average

study), 2) a predictive model based on average water temperature (Mrnak et al., 2020), and 3) a model based on accumulated

the duration of the drifting-settling behavioral transition: 1) predictive model based on heating rate (°C day-1) and CTUs (this

and passive cumulative drift distance (kilometers, km) for larval Pallid Sturgeon using three different methods of estimating

Table 3. A comparison of time to exhibit positive rheotaxis (days post hatch, dph), cumulative thermal units gained (CTUs),

5.6

Missouri
0.6 m s-1

9.3

(dph)

(dph)
6.6

Mrnak et al.
(2020)

This
study

Missouri
0.3 m s-1

River
Simulation

Time to larva settling

57
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Figure 1. Side view (A) and top view (B) of the microcosm system developed by Mrnak
et al. (2020) used to assess the effects of increasing water temperature on Pallid Sturgeon
larvae. Depicted is the containment tank (244 x 64 x 30 cm, 454 L) containing two oval
experimental tanks (90 x 64 x 30 cm, 115 L) with external pumps and hoses, PVC spray
bars, standpipes with screen buffers, biofilters, aerators, and a heating tube. Adapted from
Mrnak et al. (2020).
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Figure 2. Map of the Missouri and Yellowstone rivers. The black star represents the
hypothetical spawn and hatch location at RKM 2832 for the Missouri River simulations
and the white star represents hypothetical spawn and hatch location at RKM 381
(Cartersville dam) for the Yellowstone River simulations. Fort Peck Dam and Intake
Dam (where the new fish passage structure was installed) are indicated by black bars.
Adapted from the U.S. Geological Survey, Columbia Environmental Research Center
(2022).
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Figure 3. Multiple linear regression model used to estimate settling time, and subsequent
settling location, of negatively rheotactic Pallid Sturgeon in both the Missouri and
Yellowstone Rivers. Water heating rate (°C/day) and cumulative thermal units (CTUs)
were used as inputs to estimate larval settling time (dph) and drift distance (river km) for
larval Pallid Sturgeon.
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Figure 4. Daily growth (mm/d, top panel) and time to settling (days post hatch (dph),
bottom panel) for 2 dph, larval Pallid Sturgeon stocked at an initial water temperature of
17° C and exposed to temperature increases ranging from 0.4 to 1.5 °C day -1. Solid lines
represent linear regressions for daily growth (mm/d) = 0.42 + 0.68 (heating rate); n=6,
F1,5 = 70.2, P<0.001, r2=0.93, energy loss (J g wet weight-1 d-1 = -500.7 – 124.9 (heating
rate); n=6, F1,5 = 11.6, P=0.02, r2=0.68, or time to settling (dph) = 8.76 -2.17 (heating
rate); n=6, F1,5 = 22.9, P=0.008, r2=0.81.
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Figure 5. Mean water temperature for the simulated drift phase (between June 26 th and
July 5th) of larval Pallid Sturgeon in the Missouri River. Each point represents a single
day within the simulated drift phase, with 10 total days of temperature data included per
river kilometer (RKM) to estimate the mean water temperature for the entire simulated
drift window. The solid line is fitted using non-linear regression to predict water
temperature as a function of downstream river location (RKMs). Adapted from Fuller and
Braaten (2012).
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Figure 6. Mean water temperature for the predicted drift phase (between June 26th and
July 5th) of larval Pallid Sturgeon in the simulated drift habitat in the Yellowstone River.
Each point represents a single day within the simulated drift phase, with 10 total days of
temperature data included per river kilometer (RKM) to estimate the mean water
temperature for the entire simulated drift window. The solid line represents linear
regression to predict temperature at the RKMs reached by the simulated drifting Pallid
Sturgeon larvae in 2019.
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Figure 7. The average temperature (°C) experienced by drifting Pallid Sturgeon larvae a)
as they drift at 0.3 m s-1 or b) 0.6 m s-1 (panel b) in the Missouri River.
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Figure 8. Mean water temperature between June 20 th and July 1st in the Fort Peck reach of
the Missouri River. River kilometer 3093 is upstream of Fort Peck Dam at Robinson
Bridge. Adapted from Fuller and Braaten (2012). The arrow represents the approximate
location of Fort Peck Dam.
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Chapter 3: Summary and Management Implications
My study has important implications on the ongoing recovery efforts of Pallid
Sturgeon in the Missouri River and the newly re-opened Yellowstone River. Pallid
Sturgeon evolved for riverine life with a reproductive strategy that relies upon river
connectivity (Braaten et al, 2008). River connectivity, however, has been threatened by
anthropogenic habitat alterations (Hesse, 1987) including the construction of six
impoundments and river channelization (Schneiders, 1996). These modifications resulted
in reduced connectivity, hydrologic variation, and thermal refugia (Jacobson and Galat,
2006; DeLonay et al., 2009; Erwin et al., 2018). The USFWS mandated the U.S. Army
Corps of Engineers (USACE) to restore 20,000 acres of shallow water habitat (U.S. Fish
and Wildlife Service, 2003). The USACE has been restoring this habitat by constructing
off-channel habitats and/or modifying/removing existing control structures, but these offchannel habitats are not being placed based on recovered age-0 Pallid Sturgeon, nor are
they being constructed based upon the presence of suspected spawning sites indicated by
tagged-adult congregation and staging. My predictive model based on heating rate and
CTUs allows fisheries biologists to predict settling locations based on observed
staging/spawning behavior of tagged, adult Pallid Sturgeon. These predicted settling
locations can then be areas to focus on when building off-channel habitats (e.g.,
interception rearing complexes, IRCs) to maximize larval survival. I recommend using a
combination of observed sites of staging behavior and the model developed in this study
to target construction of future shallow water habitat.
Restoring Pallid Sturgeon spawning and drifting habitat should remain a critical
focus of Pallid Sturgeon recovery efforts, especially given constraints imposed by large
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impoundments that affect migration, spawning and drift for the species. Water
temperature manipulation may provide an alternative restoration action that is more
feasible and amenable for stakeholders, state agencies, and federal agencies associated
with the Missouri River Basin. Pallid Sturgeon larvae complete the transition from
drifting to settling faster at warmer temperatures (Mrnak et al., 2020), which relates to a
reduction in drift distance required. The manipulation of dam releases to increase riverine
temperature represents a more plausible management/restoration action that may increase
survival of Pallid Sturgeon larvae by mitigating the habitat deficiency caused by CWP.
The fish passage installation at Intake Dam provides a unique opportunity to
apply the model developed here to give managers an idea of what a spawning scenario
may look like now that the Yellowstone River is open to adult Pallid Sturgeon migration.
There are no suspected spawning locations to use as starting points, but upon trying to
mimic thermal conditions of the Missouri River at observed spawning/staging locations,
the Yellowstone River may provide an important alternative to the Missouri River and
not only allow adult Pallid Sturgeon to migrate comparable distances upstream, but also
provide potential drift habitat for larvae in the Yellowstone River (~380 km). These reopened spawning and drifting habitats are made more promising by the observation of
pre-spawning migration by tagged adults in the Yellowstone River (Delonay et al., 2016),
but the increased velocities compared to the Missouri may prove to be enough to prevent
successful recruitment in the Yellowstone River. Based on model simulations developed
in this study, I believe the mainstem Yellowstone River has the potential to become an
extremely important source of Pallid Sturgeon reproduction due to its comparatively
more historic and natural flow and thermal regimes (U.S. Bureau of Reclamation, 2021).
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Nonetheless, the Cartersville Dam presents an upstream barrier that limits their potential
drift distance to ~380 km in the Yellowstone River with a buffer of ~65 km in the
Missouri River before reaching the headwaters of Lake Sakakawea, and with the average
velocity exceeding 1.0 m s-1, the larvae will not have time to develop before they are
carried past the mouth and into Lake Sakakawea. I would suggest looking critically at the
potential of a fish passage structure at Cartersville Dam, as well as assessing the potential
use of other newly opened tributaries such as the Powder River.
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